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I. Introduction and background
This paper describes the objective, the workplan and first results of the EU FP7 project AVATAR (AdVanced Aerodynamic Tools of lArge Rotors) which is carried out by the following consortium:
The objective of the AVATAR project is to model the aerodynamics of turbines larger than 10MW with similar accuracy as is done for commercially sized turbines today. Turbines of 10MW are conceivable from a manufacturing, structural, and installation perspective for application offshore, whereby the economies of scale are a crucial contribution to reduce the levelized cost of wind energy. The smaller contribution of the turbine cost to the overall investment costs compared to onshore application put a strong incentive to invest in rotor technology that enhances the energy capture of the wind farm and at the same time limits the design driving loads for the support structure. Moreover, increasing the ratio between rotor swept area and installed generator power, i.e. a lower specific power, corresponds to a higher capacity factor leading to more operating hours in full power and hence less variability in wind power and a more effective use of the power transport cables, which are major advantages for utilities [2, 8] . Recent results also show that the space needed per kW rated power may be less for large-scale wind turbines [3] .
Upscaling wind turbines to sizes beyond 10 MW challenges the validation boundaries of current state of the art aerodynamic tools and also challenges the applicability of established technologies by which radical innovations are considered in order to make such 10MW+ large wind turbines reality. Aerodynamic models and aerodynamic design solutions do have a central role in this and it is expected that new methods are required to enable validated upscaling to cost-effective, novel design solutions.
The motivation for the project can be demonstrated further with Fig. 1 which is based on calculations from [1] . It illustrates that less-loaded rotors, i.e. rotors with a lower axial induction (a) make it possible to increase the rotor diameter at the same loads giving lower cost of wind energy. Hence, these rotors would operate at an axial induction factor that is lower than a=1/3 (i.e. the axial induction factor where maximum power coefficient C P is found). Instead axial induction factors in the range of 0.23 to 0.28 are better from a cost of energy point of view. As a side effect such low induction rotors can be favorable in terms of wind farm aspects such as reduced wake losses and a smaller wake induced turbulence. Rotors operating at a reduced axial induction are characterized by lower solidity values, and a high tip speed due to the larger rotor diameter. The larger diameter leads to a lower specific power, at least when the rated power is kept constant. Maintaining bending stiffness with reduced solidity also calls for platform designs with thicker airfoils. In addition, passive (e.g. vortex generators or spoilers) and active (e.g. flaps) flow devices should be readyto-use, for trimming blade loading.
Rotor designs of this kind are unconventional in the sense that they fall outside the validated range of current state of the art tools. Very large blades operating at high tip speeds will lead to (non-validated and unknown) high Reynolds and Mach numbers effects, thick airfoils, need to be assessed in terms of aerodynamic performance (and structural/aeroelastic implications); aerodynamic modeling of flow devices must be included in the design process; increased flexibility will lead to larger deflections and more pronounced non-linear aeroelastic behavior with unknown aerodynamic implications etc.
Consequently current state of the tools should be classified as insufficiently validated for the design of 10MW+ turbines. In view of the huge investments which are associated to such designs this is a critical situation. In order to overcome this problem the AVATAR project is carried out. In the AVATAR project aerodynamic models are improved and calibrated in the aforementioned aspects including an assessment of the aero-elastic consequences. Thereto the entire chain of aerodynamic modeling is considered ranging from computational efficient 'engineering' tools to high fidelity, but computationally expensive tools. In this respect it is important to realise the role of calculation time which for wind energy calculation is much more crucial than it is for most other areas of technology [5] . This is in particular true for the calculation of a design load spectrum: a large number of 10-minute time series have to be calculated and combined into an overall load spectrum in order to reflect the statistics of the wind over the entire 20 years lifetime of a wind turbine. This brings the number of time steps for such calculations to a value in AnEP the order of 7 million (!). Bearing in mind that every time step requires an aerodynamic calculation this puts severe constraints on the computational efficiency of the aerodynamic model by which, even in modern times, it is still imperative to use engineering aerodynamic models based on the Blade Element Momentum Theory (BEM theory).
Therefore AVATAR will first work on understanding the implications of the above mentioned model deficiencies for large wind turbine blades (using advanced aerodynamic models and dedicated experiments). Secondly, their effects are 'modeled-down' from advanced models into the BEM context (airfoil data, 3D and rotational effects, aerodynamic models for active and passive flow control devices). The model improvement will be assessed on two 10 MW reference turbines, one from the adjacent INNWIND.EU project and another one that is designed within AVATAR. The AVATAR reference turbine is intended to be challenging in terms of aerodynamic modelling, i.e. aspects like airfoil thicknesses, Reynolds and Mach numbers do come out at levels that well exceed todays standards but are consistent with what is expected for future commercial applications. The present paper introduces the project but it also describes first results from the project. This includes the design and the background of the AVATAR reference turbine, some first modelling results of airfoil characteristics at conditions relevant for such large turbines, a description of a wind tunnel experiment in which Reynolds numbers up to 15 M can be reached and some first results from measurements and calculations on airfoils with flow devices.
II Objective
The overall objective of the AVATAR project is to evaluate, improve and validate aerodynamic and aero-elastic tools to ensure applicability for large optimized wind turbines. Thereto AVATAR develops enhancements for aerodynamic and aero-elastic models suitable for large (10MW+) wind turbines analysis. This includes several aerodynamic models, ranging from low complexity/computational efficient models that are typically based on BEM with engineering add-ons, to high complexity/computationally demanding models, e.g. CFD tools or models based on viscous-inviscid interaction schemes. Moreover intermediate tools such as those using Free Vortex wake methods are considered. The model improvement will be assessed on two 10 MW reference turbines, one from the INNWIND.EU project and one designed in AVATAR. The latter is specifically designed to extend the validity boundaries of the aero tools keeping in mind realistic boundaries.
III Workplan and procedure
The AVATAR project started on November 1 st 2013 and runs for four years. It is organized in different Work Packages (WP's). Apart from the Work Packages on dissemination and coordination there is a Work Package (WP2) that deals with the advanced aerodynamic modeling of all aspects which are expected to play a role in the design of large 10MW+ wind turbine blades. The modeling of flow devices is included in a separate Work Package (WP3). The modeling of aero-elastic effects on large and flexible rotor blades also needs a separate Work Package (WP4). Moreover a Work Package (WP1) is added which integrates and evaluates the results and which provides the reference turbines on which the modeling is tested. More specifically the focus of WP1 lies on the (integrated) design and evaluation of a 10MW reference rotor. Thereto a design of a reference rotor is delivered to the horizontal work packages for further analysis. The design of the reference rotor is closely related to activities carried out in the adjacent INNWIND.EU project where a 10 MW reference rotor is designed too. However AVATAR adds another reference rotor which is intended to be more challenging, i.e. more extreme in terms of aerodynamic modeling. The design of this AVATAR reference wind turbine is described in section V.
The design of the AVATAR reference rotor took place in the first six months of the project after which it was, together with the INNWIND.EU reference rotor, delivered to the WP's 2 to 4. Thereafter in the period from month six to month thirtysix of the project, the emphasis of the activities lies at WP's 2 to 4 which are run in parallel. In WP2 the aero-tools are improved and calibrated for all aspects, which play a role at the design of large wind turbines. In WP3 the models for flow devices and flow control are developed and improved in aerodynamic terms, basically on a sectional level. Then WP4 considers the aero-elastic aspects of large scale rotors where it should be noted that aerodynamics and aero-elasticity are inextricably connected.
After the delivery of the WP's 2 to 4 results (i.e. the improved models) in month 36, the emphasis of activities moves again to WP1 where the behavior of the reference rotor is re-evaluated based on the newly developed models. This is followed by a redesign of the turbine using the advanced control options. Finally WP1 will also develop aerodynamic/aero-elastic design guidelines on the aerodynamic related actions which are needed to attain a further upscaling towards 20 MW. These guidelines include a list of models which need further adjustments when applied to 20 MW turbines and a definition of a large scale experiment.
IV Work procedure: How to calibrate aerodynamic models for 10MW+ turbines?
Roughly speaking, three types of models can be distinguished for evaluation of wind turbine aerodynamics, ranging from low complexity/computational efficient models to high complexity/computational demanding models, with intermediate models in between. All model types will be employed in AVATAR Low complexity models are based on the so-called BEM theory with engineering add-ons, see e.g. [5] . High complexity (high fidelity) models basically consists of CFD tools see e..g [4] or possibly models based on viscousinviscid interaction schemes. One can also think of intermediate tools mainly consisting of Free Vortex (or possibly prescribed) wake methods. As explained in section 1 the role of calculation time for wind energy applications is much more crucial than it is for most other areas of technology which makes the use of computational efficient methods (i.e. BEM with engineering methods) inevitable for routinely design calculations. Now, it is in particular the engineering class of models which 'suffers' from a large amount of empiricism, i.e. calibration constants, the validity of which is unknown for 10 MW+ turbines.
The improvement of low and intermediate complexity models is then largely achieved by calibrating low and medium complexity models with results from high fidelity models. This however does not exclude a further enhancement of these high fidelity models themselves, e.g. for the modeling of transition, flow devices etc.
The improvement and validation of aerodynamic models obviously also requires suitable experimental data but as 10 MW+ turbines do not exist, experimental data are gained from a range of sub-model tests or tests at a smaller scale. Amongst others 2D airfoil measurements at high Reynolds numbers taken in the Pressurized DNW HDG wind tunnel in Göttingen were carried out as well as wind tunnel measurements with vortex generators where LM provide dynamic airfoil measurements taken in their tunnel and Forwind provide wind tunnel data under controlled turbulent conditions. Also data from the Danish DanAero project in which detailed aerodynamic field measurements were taken on the blade of a 2MW turbine are included.
The provision of experimental data are closely linked to similar activities going on in the subgroup aerodynamics of EERA which clearly stated that the time is ripe for a new joint field aerodynamic measurement program on a scale which is as large as possible (at least 5MW scale, increasing to 10MW+ in the near future). The subgroup aerodynamics also stated that the data of this experiment should be made publicly available to the entire European research society. Thereto an extensive set of aerodynamic data should be collected on a large scale state-of the art turbine using the most advanced measurement techniques. A detailed definition of the experiment will be carried out in AVATAR and forms part of the above mentioned guidelines on the required aerodynamic actions needed to make 20 MW turbines possible.
In the next sessions the most important results from the various Work Packages as obtained until now, are presented.
V WP1: Design of AVATAR Reference Wind turbine
A. Introduction to the design of the AVATAR reference wind turbine As mentioned before the 10MW offshore INNWIND.EU RWT [6] served as a starting point for the design of the AVATAR RWT where it is basically the rotor only which is changed. An important requirement for the AVATAR rotor is that it should form a platform with which the aerodynamic modelling aspects are pushed towards the limits, taking into account realistic boundaries.
It must be noted that the scaling relations as presented in this chapter neither apply to GE blades or to LM blade designs but they were specifically developed in view of the AVATAR rotor design.
B. Scaling rules for the design of the AVATAR reference wind turbine
First estimates for design parameters of the AVATAR rotor were found by application of engineering scaling rules presented in this chapter. Thereto it should be known that the key parameters of the INNWIND.EU 10MW platform are a specific power of 401 W/m 2 , a rated rotor speed of 9.6 rpm, a rated wind speed of 11.4 m/s, a rotor diameter of 178 m and a hub height of 119 m. The axial induction factor along the blade is around 0.3. As starting point for the AVATAR rotor an optimal specific power at 75% of the INNWIND.EU wind turbine's value was chosen by the project team, leading to a 300 W/m 2 specific power.
The second column in table 1 then shows the scaling of various parameters (e.g. rotor diameter, rated wind speed, induction etc.) in case the specific power is scaled down with a factor ̅ and where rated power and nominal rotor speed are kept unchanged. The scaling rules can be derived relatively straightforward and they show for example that the diameter behaves as ̅ -0.5 . Table 2 then quantifies these parameters for ̅ = 75% showing a diameter increase of 15% to 205 meter. Table 2 also shows that the baseline loads are exceeded significantly. The 10% increase in thrust is particularly costly. Thereto it should be realized that the INNWIND.EU turbines has a 30m clearance between blade tip and mean sea level, which, if kept unchanged, makes the wind turbine's hub height 132.9m, resulting in a 23% increase in support structure base overturning moment. This leads to the requirement of strengthening both the tower and the substructure, which does not comply with the specifications set forth by the project team [7] . Hence significant rotor design changes due to up-scaling are imperative, and alternative design solutions were explored in a second scenario.
In this second scenario, it was not only the specific power which was reduced but in addition the design rated wind speed was constrained which subsequently dictates a (reduced) power coefficient, induction and thrust. Table 1 column 3 then shows the scaling of the design parameters for this second scenario i.e. it is not only the specific power which is reduced with a factor ̅ but in addition the rated wind speed is decreased with a factor ̅ . A further approximation of the scaling in which the design parameters are expressed in ̅ and ̅ is given in the fourth column of table 1. These approximations are mainly meant to provide transparency on the effect of specific power and rated wind speed to various loads. However the error bound to the exact solution could be 4% by which they should not be used for the actual scaling. (For more details on the derivation of these scaling parameters reference is made to [7] . This reference also shows the scaling coefficients k 1 to k 6 to be 0.496, 0490, 7.389, 0.551, 0.444 and 5.557 respectively. Rotor diameter
Rated wind speed
Axial thrust speed when the specific power is reduced alone. Hence the rated wind speed in the second scenario is higher than it is in the first scenario. This higher rated wind speed in the second scenario can be explained by the lower power coefficient Table 2 Scaling of:
Axial thrust +10% 0%
Aerodynamic out of plane blade moments +27% +15%
It is important to note that the tables 1 and 2 only list the rotor aerodynamic forces and moments. Obviously a load analysis should consider the entire load envelope which includes inertial loads but also tower bottom loads. These loads are generally known to increase with increasing rotor radius. In the next section it is explained that mitigation was found by employing high cost carbon composites, enabling a lower mass design where the structure base overturning moment was reduced by accepting a reduced clearance to sea level since the above mentioned scaling rules show that the INNWIND.EU base moment is returned only if the rated wind speed is increased from 92.5 % to 96% which in turn leads to a very low induction of 0.19 and a power coefficient of 0.37. These values of induction and power coefficient were considered as too extreme.
Hence the present scaling relations were mainly meant to provide transparency on how design parameters change in relation to power density and rated wind speed and they gave a starting point for the more detailed analysis which is discussed in the next chapter.
C. Design of AVATAR Reference Wind Turbine
As mentioned in section I, the decision to produce a new reference wind turbine, instead of utilizing one already available from other research projects, was related to the specific aerodynamic problems that needed to be tackled in the current work. The main driving factors were the need to cover:
 High-speed flows, where the effect of compressibility will be examined  High Reynolds number flows, since there is a significant knowledge gap on this field (see section VI.B)
The reference wind turbine design is not meant to be an optimum design, but a testbench where the various computational tools can be tested in new regimes.
Specifications
Even though it was not possible (or required) to have a production-quality design for the project, a connection to standard industry practices was maintained. The industrial partners provided the general guidelines for the blade design, that would need to be satisfied. These included manufacturability constraints and a minimum set of IEC load cases to be checked at the initial design stage.
Airfoil Family Selection
It is expected that because of the unusual aerodynamic characteristics of the wind turbine, existing airfoil families are probably suboptimal for the final design. A new set of airfoil families will be produced later in the course of the project, but for the reference wind turbine, an existing family needs to be utilized. The main requirements were that it is readily available, and that some experimental data for operation at various Reynolds numbers are also available. It was therefore decided to use the established DU airfoil families at thicknesses shown in Table 3 . The main challenge lies in acquiring reliable polar curves for theses airfoils at the very high Re numbers involved. 
Blade Planform Design
For the given aifoil families, an optimized spanwise distribution of the chord, thickness and twist (Fig. 4) were obtained through an iterative process. The reference blade from the INNWIND.EU project was used as a starting point. The constrains on the resulting blade were (see section V.B):
 The specific power should be drastically reduced (from 400W/m 2 → 300W/m 2 ). This goes together with an increase of blade radius from 89 to 102.5 meter.  The thrust is decreased, so that bending moment at tower bottom remains constant  The rotational speed should be kept the same (i.e. a rated value of 9.6 rpm), so that the other subcomponents will be interchangeable between the two wind turbines. The result is a low induction blade, where different operating strategies can be employed at part load operation, either "peakshaving" the root bending moment through pitching, or by keeping a constant low induction at partial load (see Fig. 3 ).
The resulting geometry is shown in Figure 4 . Maximum chord is similar to the shorter initial blade, resulting in a more slender design. The design performance along the span of the blade is indicatively given in Figure 5 , showing the reduced induction factor along the span. 
Structural Design
The initial structural design was performed before the actual loads were known. It was therefore based on the calculated loads for a similar sized wind turbine, but increased to account for the different design thrust. A glassfibre solution was examined, but this was considered too heavy to replace the INNWIND.EU rotor. A hybrid carbon/glassfibre solution was used, with the constraint that the weight should not exceed the INNWIND.EU blade weight by more than 15%. A full structural analysis for an initial design, with a weight of 46t was performed, including load and buckling constrains. The resulting blade was excessively stiff in the flapwise direction, resulting in increased fatigue loads, as was discovered during aeroelastic validation. A second blade has been defined, with more conventional stiffness properties, which is being used for all further calculations. An increase of the weight from 42t to 50t has been estimated, though the internal structure design is not finalized. As mentioned before the radius is increased from 89 to 102.5m compared to the INNWIND.EU blade that is used as a starting point.
Aeroelastic Validation
Initial tests included eigenfrequancy placement at normal operation, ramp-up and ramp-down of the power, as well as a subset of the IEC load cases for extreme and normal operation. Detailed aeroelastic calculations will be performed at a later stage. However, since the focus of the research work is on aerodynamic modelling, a simplified strength and fatigue analysis is employed. A comparison of the dynamic response between the intial and final designs is shown in Figure 7 , where it is seen that the deflection has been allowed to increase considerably in the revised design.
Initial calculations for fatigue are shown in Figure 8 , compared to the INNWIND.EU blade. Deflections are now comparable to the INNWIND.EU blade, though an increase in fatigue loads is expected due to the increased size and weight.
It is noted that the results are still preliminary and more detailed analysis and interpretation is in progress. 
VI WP2: Aerodynamic modelling A. Introduction to the Work Package on aerodynamic modeling
WP2 deals with the aerodynamics of the pure rotor neglecting elasticity and aerodynamic devices, but with a focus on Reynolds Number effects, laminar turbulent transition and compressibility effects. In the initial period of the project, while establishing the rotor in WP1 as explained in section V the main activities in WP2 lied on the modelling of 2D airfoil characteristics for the appropriated operating conditions of the AVATAR Reference Wind Turbine and supplementing measurements which have been taken in the DNW-HDG wind tunnel at high Reynolds number. It is noted that the results in this chapter are still preliminary and more detailed analysis and interpretation is in progress.
B. Modelling of 2D airfoil characteristics
As explained in section V.B a series of six airfoils were selected for the design of the AVATAR reference wind turbine based on existing DU airfoils originally designed at TU Delft see Table 3 and the original references for the airfoils in [9] and [10] Based on the blade geometry and operational conditions for the AVATAR rotor, the operational conditions for each of the six airfoil sections could be determined. The main parameters of concern were the Reynolds number and the Mach number. For all airfoils the airfoil data C l , C d and C m were computed for the angle of attack range of -20 degrees to 20 degrees. As can be seen from Table 3 , the Reynolds numbers range from ~ 4 million up to 20 million. The Mach numbers are generally in the 'incompressible limit' with a Mach number (Ma) below 0.2. For the most outboard stations, the Ma slightly surpasses this limit, and reaches a value of 0.3.
For the CFD simulations, a common series of grids were generated by using the HypGrid2D [11] grid generator, all with an O-mesh topology and 384 times 256 cells in chord-wise and normal direction, see Fig. 9 . To have a y+ value below two for all cases a normalized off wall distance of 1.5x10 -6 times the chord was chosen. Some partners decided to generate their own meshes with a comparable resolution.
A series of different flow solvers were used: RFOIL/XFOIL [12, 13] , the in-house viscous/inviscid method Q3UIC [14] the compressible CFD solvers WMB [15, 16] and MapFlow by NTUA [21] and the incompressible CFD solver EllipSys2D [19, 20] . For the transitional computations the transition modeling was based on the e N model [19, 20] .
Comparing the pressure coefficients computed by the different codes for a situation with a relatively high Mach number, we see that especially on the suction side in leading edge area there is a clear effect of the compressibility. Here we see that the WMB, RFOIL and Q3UIC at Ma=0.25 all predict higher suction than the incompressible predictions by EllipSys2D and Q3UIC at Ma=0. The curly nature of the pressure in the CFD type codes is related to a non-smooth definition of the surface geometry of the DU 00-W-212 airfoil, see Fig. 10 .
Looking to the glide ratio (an important quantity for rotor design), the results showed a large spread in the result. For the thinner airfoils sections, 21 and 24 percent a quite decent agreement of the slope in the attached region is seen for the major part of the codes in turbulent conditions, mainly the CENER results seem to deviate due to a very low drag. For the transitional conditions, even the slope in the attached region show a large spread, indicating the strong need for further investigations, Fig. 11 .
For the thicker airfoil sections, not shown in this paper, an even larger spread is seen in the results, clearly supporting the objective of the AVATAR project to further validate and improve the modeling approaches. 
C. Measurements of airfoil characteristics in DNW-HDG wind tunnel
One of the most important experiments in AVATAR is done in the DNW-HDG wind tunnel. The main objective of this wind tunnel test is to obtain high Reynolds number data from a 2D airfoil model to be used for validation of aerodynamic models. As explained in section VI B common state of the art airfoil design codes show large mutual differences in the prediction of airfoil data at realistic conditions for large wind turbines asking for an experimental validation. Table 3 shows operating Reynolds numbers for AVATAR rotor to reach 20x10 6 but existing wind turbine airfoils are not usually tested for such high Reynolds number range..
The selected wind tunnel is the DNW High Pressure Wind Tunnel in Göttingen (HDG). This tunnel can be pressurized up to 100 bars to achieve high Reynolds numbers. It has a closed return circuit with a closed test section of 0.6 x 0.6 m. (width x height) and 1 m. length, and has a contraction ratio of 5.85. The fan is driven by a 470 kW electric motor, located outside of the pressurized shell. Air speed is varied by rpm regulation of the constant pitch fan. The wind tunnel speed range is 3.5 to 35 m/s and the maximum Mach is 0.1. The 2D airfoil model is horizontally installed in the middle of the test section between two mechanically coupled turn tables flush with the side walls. This wind tunnel has a unique feature of increasing Reynolds number without changing the fluid and without increasing the Mach number of the flow. This gives opportunity to isolate the Reynolds number effects from other combined effects that might come from the compressibility or different fluid viscosity. Eventually the DU00-W-212 airfoil was chosen to be tested. Airfoil selection was done from a list of airfoils including a few of NACA, FFA, DU and FX airfoils, considering the different transition behavior in pressure and suction side, a visible change in laminar drag bucket under different turbulent inflow conditions, the airfoil thickness and the amount of wind tunnel data from other facilities. Note that although at the moment of writing the paper, there is no publicly available wind tunnel test results of DU00-W-212 airfoil, it will be tested in the LM wind tunnel at lower Reynolds number.
The aerodynamic behavior of DU00-W-212 airfoil at different Reynolds numbers was tested up to at least 15 millions see below. The lift and pitching moment coefficients are calculated by integration of the pressure distribution over the airfoil. The drag coefficient is calculated from the flow loss of momentum by integrating the total and static pressures in the airfoil wake.
Data obtained from the tests will amongst others be used to validate/improve existing (transition) prediction models for high Reynolds numbers at low Mach numbers which, as shown in section VI.B, is urgently needed. The position of the boundary layer laminar to turbulent transition was done by high frequency pressure transducers placed on the model and through oil flow visualizations.
Instrumentation:
The wind tunnel model chord length is chosen as 0.15m. The model is attached between the side walls and therefore the span is 0.6m. The chord length is chosen as a compromise between highest possible Reynolds number and limited wall interference. The wind tunnel model has 90 pressure taps along the mid span section. A pressure scanner is used to read the static pressures with the highest possible frequency rate. In addition to the static pressure readings, five Kulite sensors are installed to the model in order to acquire the unsteady pressure data in chosen locations. Four of the Kulites are located on the pressure side and one is on the suction side about 0.1m far from the static pressure taps in spanwise position.
A wake rake with 118 total and 8 static pressure probes is installed 3.5 chords downstream of the trailing edge of the model. The complete wake rake can be side-wise traversed along the starboard half of the test section. Top and bottom walls are instrumented with 23 pressure taps each, equally distributed over the length of the test section, in order to calculate wall interference properties.
The model is connected to a 3-compenent balance that measures tangential, normal force and pitching moment which can be used to correlate aerodynamic coefficient data extracted from pressure measurements for consistency. The total sampling time is 30s for all the acquisition system and the values are averaged over 30s in order to ensure stable averaging of the readings, especially in the deep stall range.
Test matrix:
The objective of the test is to measure the airfoil at 6 different Reynolds numbers: 3, 6, 9, 12, 15 millions and if possible 18 millions. These measurements are taken at a clean condition of the model surface. Additionally, forced transition measurements using trip-dots for three different Reynolds numbers and oil flow visualizations have been performed at different angles of attack. Table 4 shows the initial text matrix.
Table 4. Test matrix for DNW-HDG tests (Note that the maximum achievable Reynolds number was determined during the actual wind tunnel tests)
At the moment of writing the paper, the tests are just completed and the results will be made available and reported in public literature in 2015. 
Condition One Condition Two
Flow control devices are expected to be valuable solutions for improving the behavior of modern wind turbine blades. In order to fill the knowledge gaps on the modeling of these devices (which is especially expected for the large scale wind turbines considered in AVATAR), and to provide the means for the design of devices on blades of that size, the AVATAR WP3 aims at developing aerodynamic models for flow devices of varying complexity levels.
Important problems are:
 To predict the aerodynamic implications of flow devices at sectional and blade level.  To develop and validate low/intermediate models to be included in aeroelastic simulations on wind turbine equipped with flow devices.
The main objective of WP3 is to generate reliable simulation models to include flow control concepts (mainly LE/TE flaps and vortex generators, but also root spoilers) on large wind turbine blades. In order to reach the objective of the Work Package is divided in four tasks: Task [21, 22] applies the Bay model [23] with the Spalart Almaras (SA) turbulence model. The presence of the VGs is sensed through body forces that enter as source terms in the equations. To determine these forces the local velocity is used along with an empirical estimation of the lift force on a delta wing. Results are shown for two different layouts. In the "upflow" layout, the VG vortices generate an upflow in between the VG's whereas in the "downflow" layout the opposite takes place, see Fig. 12 . In all simulations one VG pair is modeled and periodic boundary conditions are applied in the lateral direction. For the case without VGs, the two sets agree fairly well up to light stall (~12deg). In deeper stall, MaPFlow predicts higher CL values which could be linked to the use of the model. For the case with VGs, for both layouts and up to ~18deg, EllipSys & MaPFlow agree well in terms of lift. Beyond that point c l predicted by EllipSys drops indicating deeper stall whereas MaPFlow predicts a further increase in c l which could be linked to the way the VGs are resolved as well as to the different turbulence modeling in the two codes used. However further investigation is needed since the deviation between the two models is substantial. In terms of drag, both codes predict a small drag penalty up to 12deg, which is however higher in the MaPFlow results. A closer look into the drag results, indicates that the downflow layout gives higher drag penalty at low angles (<10deg). At high angles the results agree on a significant drag reduction as long as the VG control the flow. In the EllipSys results the effect of the VGs seem to end at 18 o whereas in the MaPFlow results this is expected at even higher angles of attack. The figures show the original airfoil (flap 0º) and a flap deployment of 10º, including the experimental data provided by the University of Stuttgart [24] compared to two different CFD and a panel code simulations. The current WMB [15] calculations are RANS and were performed using the e N transition model with a k-ω baseline turbulence model on multi-block structured grids. The current MaPFlow code is used with the k-ω SST turbulence model. FOIL2W uses a strong viscous-inviscid interaction model to calculate the flow around the 2D airfoil [25] . The computations show a very good agreement in the linear region of c l for the two flap angles, and a slight overestimation of the maximum c l with a delay in the stall. Taking into account the results obtained, the effect of the flap deployment in the c l is accurately represented by the simulation tools. The different curves of c d agree to a first order, with similar trends. The sharp increase of c d at increasing angles of attack is well represented by the simulation tools, but the CFD code results start more progressively at lower angles than the experimental results.
VIII Conclusions and further work
The present paper describes the EU FP7 project AVATAR. The project started in November 2013 and lasts four years. It is carried out in a consortium with eleven research institutes and two industry partners. The overall objective of the AVATAR project is to evaluate, improve and validate aerodynamic and aero-elastic tools to ensure applicability for large (10MW+) wind turbines and enable the development of new designs. Thereto aspects like compressibility and Reynolds number effects, laminar/turbulent transition and separation effects are considered for such large wind turbines, all in combination with a much more complex fluid-structure interaction where in addition the use of active or passive flow devices is considered.
Several aerodynamic models are considered, ranging from low complexity/computational efficient models that are typically based on BEM with engineering add-ons, to high complexity/computationally demanding models, e.g. CFD tools or models based on viscous-inviscid interaction schemes. Moreover intermediate tools such as those using Free Vortex wake methods are considered. Improvement and calibration of engineering models and intermediate models takes place by employing results of the high fidelity models.
Moreover experimental data are gained from a range of sub-model tests. Amongst others 2D airfoil measurements at high Reynolds numbers taken in a pressurized tunnel are employed as well as wind tunnel measurements with vortex generators and airfoil measurements at dynamic conditions. Also data from the Danish Danaero project in which detailed aerodynamic field measurements were taken on the blade of a 2MW turbine are included.
The model improvement will be assessed on two 10 MW reference turbines, one from the adjacent INNWIND.EU project and one designed in AVATAR. The latter is specifically designed to extend the validity boundaries of the aero tools keeping in mind realistic boundaries. Scaling rules have been developed for the design of such aerodynamic challenging AVATAR turbine using the INNWIND.EU reference turbine as a basis. Thereto the AVATAR turbine has a 25% lower power density. A reduction in axial induction factor from 0.3 to 0.24 at the AVATAR reference rotor is found to give the same thrust where at the same time the design rated speed is reduced with 7.5%. These scaling rules have eventually led to the actual AVATAR reference wind turbine design. First calculations on the airfoil characteristics of such turbine with current state of the art tool showed a surprisingly large scatter in results clearly justifying the need for the AVATAR project. Part of the explanation for this scatter will come from wind tunnel measurements at high Reynolds number on an airfoil placed in the pressurized tunnel DNW-HDG. These measurements have been completed very recently and the analysed results will be published in 2015. Interesting calculational results have also been obtained on airfoils with vortex generators and on a flapped airfoil, where the latter results could be compared with measurements too. Analysis and interpretations of these data are still in progress.
